Poly gamma glutamic acid (γ-PGA) is an anionic polyamide with numerous applications. Previous studies revealed that Lproline metabolism is implicated in a wide range of cellular processes by increasing intercellular reactive oxygen species (ROS) generation. However, the relationship between L-proline metabolism and γ-PGA synthesis has not yet been analyzed. In this study, our results confirmed that deletion of Δ1-pyrroline-5-carboxylate dehydrogenase gene ycgN in Bacillus licheniformis WX-02 increased γ-PGAyield to 13.91 g L −1
Introduction
Poly gamma glutamic acid (γ-PGA) is an anionic polyamide, which consists of D-and L-glutamic acid units connected by γ-amide linkages between γ-carboxyl and α-amino groups (Candela and Fouet 2006) . Since it owns the features of hygroscopicity, water-solubility, biodegradability, non-toxicity, and cation chelating, γ-PGA has been widely applied in the fields of medicine, food, cosmetics, agriculture, water treatment, etc. (Ogunleye et al. 2015) . For example, γ-PGA can be served as the drug carrier in medicine, thickener, and cryoprotectant in food industry, humectant in cosmetics, fertilizer synergist in agriculture, flocculants and heavy metal absorbent in water treatment, etc. (Ogunleye et al. 2015) .
γ-PGA is mainly produced by Bacillus species as an extracellular polymer, and several strategies have been conducted to improve γ-PGA production via metabolic engineering of γ-PGA synthesis-related metabolic pathways (Ogunleye et al. 2015) . For instance, γ-PGA yield was enhanced by 63.2% in Bacillus amyloliquefaciens LL3 via double deletion of genes Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00253-018-9372-z) contains supplementary material, which is available to authorized users.
cwlO (encodes the cell wall lytic enzyme) and epsA-O cluster (genes responsible for extracellular polysaccharide synthesis), as well as introduction of gene vgb (encoding for Vitreoscilla hemoglobin) (Feng et al. 2014) . The γ-PGA yield was increased by 2.91-fold in B. amyloliquefaciens NK-1 by modular pathway engineering, which included in blocking the byproduct synthetic pathways, deleting the γ-PGAdegrading enzyme genes, blocking the cell autoinducer synthetic pathway, and inhibiting the usage of γ-PGA synthetic precursor (Feng et al. 2015) . In the previous research of our group, over-expression of glr (encodes glutamic acid racemase) (Jiang et al. 2011) , pgdS (encodes γ-PGA hydrolase) (Tian et al. 2014) , zwf (encodes glucose-6-phosphate dehydrogenase) , rocG (encodes glutamate dehydrogenase) (Tian et al. 2017) , and fnr (encodes global anaerobic regulator) (Cai et al. 2018 ) could all enhance γ-PGA production in Bacillus licheniformis WX-02. Also, strengthening the capability of assimilating glycerol was proved to be an efficient strategy to increase γ-PGA yield .
L-proline is a metabolically versatile amino acid with important roles in carbon and nitrogen metabolisms, protein synthesis, bioenergetics, differentiation, and growth, etc. (Moses et al. 2012; Szabados and Savoure 2010) . Generally, degradation of L-proline is catalyzed by proline dehydrogenase (PRODH) and Δ1-pyrroline-5-carboxylate dehydrogenase (P5CDH), which involves in a four-electron oxidation process ( Fig. 1) (Moses et al. 2012) . Firstly, L-proline is oxidized to Δ1-pyrroline-5-carboxylate (P5C) by O 2 -dependent PRODH, and then non-enzymatically transformed into glutamate-γ-semialdehyde (GSA), and further oxidized to glutamate by P5CDH (Guo et al. 2015; Moses et al. 2012 ).
Recent studies demonstrated that proline metabolism plays an important role in maintaining the balance of intracellular reactive oxygen species (ROS) (Liang et al. 2013; Natarajan et al. 2012; Nomura and Takagi 2004; Zarse et al. 2012; Zhang et al. 2015) . Uncoupled activities of PRODH and P5CDH is supposed to cause intense P5C-proline cycle, which further induces ROS overproduction in plants and fungus (Lee et al. 2013; Liang et al. 2013) . Moreover, the intermediate of proline metabolism P5C/GSA has high activity with various cellular compounds and might lead to deleterious effects in animal, plant, and yeast cells (Lee et al. 2013; Singh et al. 2013) . Nishimura et al. (2012) reported that P5C also directly inhibited the mitochondrial respiration and induced a burst of superoxide anions from the mitochondria in budding yeast.
Bacillus licheniformis WX-02 has been proven to be an efficient γ-PGA producer , and several strategies have been conducted to improve γ-PGA synthesis. In this study, ycgM (encodes PRODH) and ycgN (encodes P5CDH) were, respectively, deleted to analyze the role of proline metabolism on γ-PGA synthesis, and the intracellular concentrations of proline, P5C, and ATP, ROS levels and the transcriptional levels were measured to expound the mechanism of ycgN deletion on γ-PGA production.
Materials and methods

Bacterial strains, media, and culture conditions
The strains and plasmids used in this study were listed in Table 1 . B. licheniformis and Escherichia coli were cultured at 37°C in Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, 1% NaCl and pH 7.2). The seed culture of B. licheniformis was prepared in 250-mL flasks containing 50 mL LB medium, and incubated at 37°C in a rotatory shaker (180 rpm) until OD 600 reached 4.6~5.0. The seed culture (1.50 mL) was inoculated into a 250-mL flask containing 50 mL γ-PGA production medium (g L , and kanamycin and ampicillin were added to E. coli cultures at the final concentrations of 20 and 50 mg L −1 , respectively, when necessary.
Construction of plasmids and strains
DNA manipulations were performed according to our previous research Qiu et al. 2014) . The construction procedure of ycgN (Genbank No. AKQ71480) deficient (Table 2) , respectively. The resulting fragments were purified and ligated by splicing overlapping extension PCR (SOE-PCR), and the fused fragment was digested with BamHI and XbaI, and inserted into T2(2)-Ori, named T2-ycgN Qiu et al. 2014) .
Then, the gene deletion vector T2-ycgN was transformed into B. licheniformis WX-02 by high-osmolality electroporation . The transformants were selected by kanamycin resistance and verified by PCR with the primers T2-F and T2-R. Then, the positive colony was cultured in LB medium containing kanamycin (20 mg L ) at 45°C for 8 h to obtain the single-crossover recombinants, and the doublecrossover recombinants were screened after serial subculture of single-cross recombinants in LB medium at 37°C. The kanamycin-sensitive colonies resulting from the doublecrossover event were selected and confirmed by DNA sequencing with the primers ΔycgN-F and ΔycgN-R. The positive mutant strain was designated as WXΔycgN. Similarly, the ycgM (Genbank No. AKQ71479) deletion, ycgM and ycgN double-deletion strains were constructed with the same method, named as WXΔycgM and WXΔycgMN, respectively. Moreover, the ycgN complementation strain WXΔycgN-N was constructed by introducing the gene ycgN into WXΔycgN at the amyL locus.
The gene expression vector was constructed according to our previously reported method . Briefly, the P srf promoter of Bacillus subtilis 168, gene ycgN and amyL terminator of B. licheniformis WX-02 were amplified by the corresponding primers, fused by SOE-PCR. The fused fragment was inserted into pHY300PLK at the restriction enzyme sites BamHI/XbaI, resulting in the ycgN expression vector, named pHY-ycgN. The vectors pHY300PLK and pHY-ycgN were then transformed into B. licheniformis WX-02, and the recombinant strains were named as WX/pHY300 and WX/ ycgN, respectively. The ycgM over-expression strain was constructed using the similar method, named as WX/ycgM.
Analytical methods
The cell biomass was detected by measuring the absorbance at 600 nm. Briefly, the volume of 2-mL culture broth was centrifuged at 13,700×g for 10 min. The cell pellet was washed three times with 0.85% NaCl solution and re-suspended. The optical density at 600 nm (OD 600 ) was measured by a spectrophotometer (Bio-Rad, USA). The γ-PGA concentration was measured by HPLC . Briefly, a TSK Gel G6000 PWXL gel permeation chromatogram column (7.8 mm × 300 mm, Tosoh, Tokyo, Japan) was used, the samples were eluted with a mixture of 25 mmol L −1 sodium sulfate solution/acetonitrile (8:1) at a flow rate of 0.5 mL min
and detected at 220 nm. The γ-PGA concentration was quantified based on the peak area standard curve. The concentration of residual glucose was detected by a SBA-40C biosensor analyzer (Institute of Biology, Shandong Province Academy of Sciences, China) according to the manufacturer's instructions.
Determination of proline and P5C concentrations
The intracellular concentration of proline was determined according to the method described by Moses et al. (2012) . The cells at logarithmic phase were harvested by centrifugation, washed twice with 0.85% NaCl, and extracted overnight in 5 mL 3% (w/v) aqueous 5-sulphosalicylic acid. Precipitated protein and other debris were removed by centrifugation at 15,000×g, 5 min. To determine the proline content, the volume of 2.0 mL cell extract was reacted with 2.0 mL glacial acetic acid and 2.0 mL acid-ninhydrin (2.5 g ninhydrin was dissolved in the mixed solution of 60 mL glacial acetic acid and 40 mL 6 M phosphoric acid) at 100°C for 1 h. Samples were then plunged into ice to stop the reaction and extracted with 5 mL toluene. The absorbance of toluene phase was separated and measured at 520 nm. The proline concentration was calculated according to the standard curve made by proline standard. The P5C content was measured by monitoring the amount of P5C-o-aminobenzaldehyde complex as described previously ( Moses et al. 2012; Nomura and Takagi 2004) . Briefly, the volume of 1 mL cell extract was added with 0.1 mL trichlor o a c e t i c a c i d , a n d t h e n 0 . 5 m L 6 m g m L − 1 oaminobenzaldehyde (2-AB) was added to the mixture, and incubated at 37°C for 1 h. The mixture was centrifuged at 10,000×g for 10 min. The absorbance of supernatant was measured at 443 nm, in a l-cm light path. The pyrroline-5-carbosylate concentration (c) was calculated according to Lambert-Beer law: A = × l × c. The millimolar extinction Moses et al. 2012 ).
Determination of ROS
The intracellular ROS levels were measured by reactive oxygen species assay kit (Nanjing Jiancheng Bioengineering Institute, P.R. China) according to the manufacturer's instruction. In brief, cells were collected by centrifugation at 1000×g for 5 min. The cell pellets were washed once and re-suspended with PBS solution containing 10 μM 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) to adjust the cell density to OD 600 = 1.0, and incubated at 37°C for 30 min. The cells were harvested and washed twice with PBS solution, and then re-suspended in 1-mL PBS solution. The relative fluorescence was measured at excitation and emission wavelengths of 485 and 525 nm by using a fluorescence spectrophotometer (Shimadzu, Japan). Untreated cells were used as reference, and the relative ROS amounts were showed by fluorescence intensity (Si et al. 2014; Zheng et al. 2017 ).
Determination of ATP concentrations
The intracellular ATP concentration was quantified by an ATP assay kit (Beyotime, China) according to the manufacturer's instructions. Briefly, cells were lysed by the lysis buffer and then centrifuged at 12,000×g at 4°C for 5 min. The volume of 20-μL supernatant was mixed with 100 μL luciferase reagent, and the luminance was measured by a luminometer. The ATP concentration was calculated according to the standard curve made by ATP standard and defined as the content of ATP to the cell dry weight. All assays were performed in triplicate.
Quantitative real-time PCR
The quantitative real-time PCR (qRT-PCR) assay was conducted according to our previously reported method Qiu et al. 2014) . Briefly, the total RNA was extracted by using the TRIzol Reagent (Invitrogen, USA), and DNase I enzyme (TaKaRa, Japan) was applied to degrade trace DNA. The first strand of cDNA was amplified from 0.5 μg of total RNA using the RevertAid First-Strand cDNA Synthesis Kit (Thermo, USA) with random primers. The realtime PCR was performed with the Maxima® SYBR Green/ ROX qPCR Master Mix (Thermo) following the manufacturer's instructions. The primers used for amplifying the corresponding genes were listed in Table S1 (see Supplementary Material), and 16S rDNA (Genbank No. EU564336) was used as the reference gene to normalize the data. The gene expression levels of recombinant strain were compared with those of the wild-type strain after normalization to the reference gene.
All the experiments were performed in triplicate.
Statistical analyses
All samples were analyzed in three replicates. The data were presented as the mean value ± the standard deviation for each sample. The difference was analyzed by means of ANOVA tests (P < 0.05).
Results
Deletion of ycgN improved γ-PGA production in B. licheniformis
In-silico analysis of the genome sequence of B. licheniformis WX-02, PRODH, and P5CDH involved in L-proline catabolism are encoded by ycgM and ycgN, respectively (Yangtse et al. 2012) . To investigate the effects of proline metabolism on γ-PGA production, ycgM and ycgN were deleted and overexpressed in WX-02, resulting in the gene deletion strains WXΔycgM, WXΔycgN, and overexpression strains WX/ ycgM and WX/ycgM, respectively. Based on our results, the γ-PGA yield of WXΔycgM (7.58 g L −1
) exhibited no significantly difference from WX-02 (7.51 g L ) led to a 28.03% decrease of γ-PGA yield, compared with the control strain WX/pHY300 (11.82 g L −1
) (Fig. 2a) . The γ-PGA yield of WXΔycgN was 13.91 g L −1 , increased by 85.22% compared to WX-02 (Fig. 2b) , and the γ-PGA yield decreased by 29.02% in the ycgN overexpression strain WX/ycgN (8.39 g L −1
) (Fig. 2b ), compared to WX/pHY300 (Fig. 2b) . Furthermore, the complementation strain of ycgN (WXΔycgN-N) was constructed, and the γ-PGA yield of WXΔycgN-N was 8.07 g L −1 γ-PGA, comparable to that of WX-02 (Fig. 2b) . Collectively, these results suggested that ycgN might negatively affect γ-PGA synthesis, and deletion of ycgN contributed to the increase of γ-PGA production. Since P5CDH, encoded by ycgN, is the critical enzyme responsible for the conversion of P5C/GSH to glutamate, deletion of ycgN is supposed to cause the accumulation of P5C/ GSH, which may be toxic to the cell (Nishimura et al. 2012) . And PRODH, encoded by ycgM, catalyzes the conversion of L-proline to P5C (Fig. 1) . To confirm whether the accumulation of P5C/GSH is necessary for the increase of γ-PGA synthesis in WXΔycgN, the ycgM and ycgN double mutant strain WXΔycgMN was constructed to block the generation of the potential toxic compounds P5C/GSA. Based on our results, the γ-PGA yield of WXΔycgMN was 7.59 g L −1
, similar to that of WX-02 (Fig. 2b) .
The time course of γ-PGA yields, biomass, and glucose concentrations of WXΔycgM, WXΔycgN, WXΔycgMN, and WX-02 were shown in Fig. 3 . Based on our results, there were no remarkable changes of cell growth, glucose consumption rate, or γ-PGA yield among WXΔycgM, WXΔycgMN, and WX-02 (Fig. 3) . However, the lag phase of WXΔycgN was prolonged by 4~8 h compared with WX-02. The growth rate of WXΔycgN at the exponential phase was decreased by 18.56%, and the exponential phase of which is prolonged by 4 h. Moreover, the maximal biomass of WXΔycgN was 14.07% higher (Fig. 3a) , and the cellular γ-PGA content of WXΔycgN (2.26 g gDCW
) was increased by 52.82% compared to WX-02 (1.48 g gDCW −1 ) (Fig. 3b) ) (Fig. 3c) . 
Effect of ycgN deficiency on the intracellular P5C concentration
The proline and P5C levels of WX-02, WXΔycgM, WXΔycgN, and WXΔycgMN were measured during γ-PGA fermentation.
As shown in Fig. 4 , higher proline levels were observed in both (Fig. 4) ) were comparable to that of WX-02 (Fig. 4) . These above results demonstrated that deletion of ycgN resulted in remarkably higher P5C accumulation.
Effect of ycgN deficiency on the ROS level
In plants and fungus, impairment of P5C dehydrogenase activity was reported to result in the ROS accumulation (Borsani et al. 2005; Lee et al. 2013) . Therefore, the intracellular ROS levels of these strains were measured in this research. As shown in Fig. 5a , the ROS level of WXΔycgN was increased at the beginning and reached the highest level at 4 h, then decreased to the same levels of WX-02 after 8 h. The intracellular ROS levels of WXΔycgM and WXΔycgMN were slightly decreased at the beginning and reached to the level similar to WX-02 (Fig. 5a) . Therefore, our results proposed that deletion of ycgN induced a transient increase in ROS, and the overproduction of ROS might enhance γ-PGA production.
The ycgN-dependent ROS signal contributed to γ-PGA synthesis Previously, ROS has been reported to promote γ-PGA synthesis in B. subtilis NX-2 (Tang et al. 2016) . Thus, the transiently increased ROS level observed in WXΔycgN was proposed to be the primary cause for enhanced production of γ-PGA. To test this hypothesis, H 2 O 2 was added into the medium to increase the intrinsic ROS level in WX-02. Consistent with the previous report (Tang et al. 2016) , addition of 10 mmol L ) by 77.72% (Fig. S1 ). To further verify that ROS contribute to the enhancement of γ-PGA synthesis in WXΔycgN, n-acetylcysteine (NAC) (10 mmol L −1 ), a widely used antioxidant agent, was added into the medium to neutralize the ROS generation. Based on our results, the ROS level of WXΔycgN with NAC addition was similar to that of WX-02 (Fig. 5b) , and the γ-PGA yield of WXΔycgN was reduced to 7.06 g L −1
, near to that of WX-02 (Fig. 5c) . Collectively, our results revealed that the increase of ROS induced by ycgN deletion might contribute to the enhancement of γ-PGA yield in WXΔycgN. Additionally, extra accumulation of ROS has been reported to cause damage of intracellular biomolecules, such as proteins, DNA, and lipids, which was not conducive to the cell growth (Man et al. 2016; Si et al. 2014; Singh et al. 2013) . Accordingly, WXΔycgN exhibited a slight growth defect and the extended lag phase compared with WX-02 (Fig. 3a) .
Effect of ycgN deletion on the intracellular ATP concentration
ATP supply is essential for product synthesis, especially for γ-PGA (Cai et al. 2018) . Based on our results, the intracellular ATP concentration of WXΔycgN was 11.88 μmol gDCW −1 , increased by 24.40% compared to WX-02 (9.55 μmol gDCW −1 ) (Fig. 5d) . The ATP concentrations of WXΔycgM and WXΔycgMN were 6.65 and 10.19 μmol gDCW , respectively (Fig. 5d) . Thus, these results indicated that deletion of ycgN improved the intracellular ATP supply, which further benefited γ-PGA synthesis.
Transcriptional levels of genes related to γ-PGA synthesis in ycgN mutant strain
The general stress response is controlled by the transcription factor SigB in B. licheniformis (Brody and Price 1998) . To further examine the stress phenotype of ycgN mutant, the transcription level of sigB (Genbank No. AKQ71673) was determined. As shown in Fig. 6 , the transcriptional level of sigB in WXΔycgN was increased to 13.15, indicating that deletion of ycgN might cause a general stress response in WX-02.
To investigate the effects of ycgN deletion on the expression of genes involved in γ-PGA synthesis, the transcription levels of degU (Genbank No. AKQ75056), swrA (Genbank No. AKQ75027), pgsB (Genbank No. AKQ75106), and pgsC (Genbank No. AKQ75105) were analyzed. Based on our results, the transcriptional levels of genes degU and swrA were enhanced by 1.79-and 11.92-fold in WXΔycgN, respectively (Fig. 6 ). The expression of pgs operon, which is responsible for γ-PGA biosynthesis, is activated by SwrA and phosphorylated DegU (DegU-P) (Ogunleye et al. 2015) . Accordingly, the transcriptional levels of genes pgsB and pgsC were increased by 49.52-and 19.31-fold due to the deletion of ycgN, respectively (Fig. 6) . Also, the transcriptional levels of relevant genes involved in tricarboxylic acid (TCA) cycle, including citZ (encodes citrate synthase, Genbank No. AKQ74338) and icd (encodes isocitrate dehydrogenase, Genbank No. AKQ74337) were verified, as glutamic acid, the precursor of γ-PGA, was synthesized from α-ketoglutaric acid in TCA cycle, and the expression levels of both genes were increased by 8.36-and 13.93-fold in WXΔycgN, respectively (Fig. 6) .
Discussion
Proline is a multifunctional amino acid, which can be used as carbon, nitrogen, and energy sources (Moses et al. 2012) . Also, it plays an important role in protecting against osmotic and oxidative stresses, since it is a compatible solute and a free-radical scavenger (Paul et al. 2015; Signorelli et al. 2014; Zaprasis et al. 2013 ). In addition, proline catabolism has been found to be involved in protection of intracellular redox Fig. 6 Effects of ycgN deletion on the relative transcriptional levels of genes in TCA cycle and γ-PGA biosynthesis homeostasis (Lee et al. 2013; Natarajan et al. 2012 ) and virulence (Lee et al. 2013; Nishimura et al. 2012) . In this study, we demonstrated that deletion of ycgN significantly enhanced γ-PGA production in B. licheniformis WX-02, and this phenomenon was abolished in the complementation strain WXΔycgN-N. Moreover, the increases of P5C concentration, higher ROS, and intracellular ATP levels were observed in ycgN deletion strain. Our results also indicated that a transient increase in ROS levels was required for the enhancement of γ-PGA synthesis caused by ycgN deletion.
Deletion of ycgN, which encodes P5CDH in B. licheniformis, was found to enhance γ-PGA production, whereas no significant increase of γ-PGA production was observed in WXΔycgM and WXΔycgMN. And P5C, the intermediate of proline catabolism, was accumulated in WXΔycgN, but not in WXΔycgM and WXΔycgMN. These results indicated that P5C was necessary for the enhancement of γ-PGA production in WXΔycgN. P5C was reported to attack the mitochondrial respiratory chain and induced a burst of superoxide anions from mitochondria in Saccharomyces cerevisiae R1278b (Nishimura et al. 2012) . Also, P5C is a primary inducer of p53-mediated apoptosis and ROS-dependent autophagy proposed in mammals (Hu et al. 2007 ). In plants, P5CDH infection resulted in P5C accumulation and induced ROS burst (Deuschle et al. 2004; Monteoliva et al. 2014) . Accordingly, a transient ROS increase was detected in WXΔycgN.
γ-PGA is a homopolymer of glutamic acid with diverse biochemical properties (Ogunleye et al. 2015) . Several organisms secrete γ-PGA into the environment for sequestration of toxic metal ions or decreasing high local salt concentrations, enabling them to survive in the adverse conditions (Ogunleye et al. 2015) . In our previous research, the γ-PGA synthesis capability was strengthened when strains were cultivated in the stress conditions, such as high salt, high temperature, caustic alkali, and ultrasonic shock (Wei et al. 2015) . Additionally, the γ-PGA yield of WX/pHY300 was found to enhance by 57.40% compared to WX-02 in this study (Fig. 2) . Since the plasmid was supposed to exhibit metabolic burden on the host and affect host gene expression and phenotype (Popov et al. 2011; Silva et al. 2012) , it was speculated that the enhancement of γ-PGA synthesis in WX-pHY300 could be an element of response or adaptation response against stress caused by the present of pHY300. According to this study, oxidative stress increased γ-PGA production in WX-02 by ycgN deletion or H 2 O 2 addition, and addition of antioxidant (nacetylcysteine) decreased γ-PGA yield of WXΔycgN to the level near to that of WX-02. Taking into account these observations, γ-PGA synthesis could be an element for adaptation response against oxidative stress.
ROS has been proposed to act as the secondary messenger and regulate many processes at the transcriptional level (D'Autreaux and Toledano D'Autreaux and Toledano 2007; Rhee 2006; Wei et al. 2011; Zhang et al. 2015) . The global regulator OxyR was reported to react with H 2 O 2 and form a disulfide bond between Cys199 and Cys208, resulting in the transcriptional activation of OxyR regulator in E. coli . In B. subtilis, ROS, induced by high shear stress, altered the transcription of general protein Sigma B and Ctc, and then regulated the suppression of sporulation (Sahoo et al. 2004) . In this research, the transcription levels of genes degU, swrA, and pgsB, which are related to γ-PGA biosynthesis, were all markedly increased in the ycgN deletion strain, indicating that ycgNinduced ROS could enhance γ-PGA synthesis at transcriptional level. Also, the transcriptional level of swrA was significantly improved in WXΔycgN, and the improvement of SwrA might cooperate with DegU to active the expression of pgs operon and further promote γ-PGA synthesis (Fig. 7) .
The role of proline metabolism on γ-PGA synthesis was analyzed in this work. The production of γ-PGA in B. licheniformis WX-02 was enhanced by deletion of ycgN, which yield was 85.22% higher than that of wild-type strain. Secondly, the P5C concentration of WX-02ΔycgN was increased by 2.92-fold, which resulted in the intracellular ROS accumulation. These results illustrated the important impact of P5C dehydrogenase on the balance of ROS formation and γ-PGA production in B. licheniformis and it provided the valuable information for metabolic engineering of high-yield γ-PGA strain of B. licheniformis. 
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